Pneumococcal surface protein A (PspA) is a pneumococcal virulence factor capable of eliciting protection against pneumococcal infection in mice. Previous studies have demonstrated that the protection is antibody mediated. Here we examined the ability of pspA to elicit a protective immune response following genetic immunization of mice. Mice were immunized by intramuscular injections with a eukaryotic expression vector encoding the ␣-helical domain of PspA/Rx1. Immunization induced a PspA-specific serum antibody response, and immunized mice survived pneumococcal challenge. Survival and antibody responses occurred in a dosedependent manner, the highest survival rates being seen with doses of 10 g or greater. The ability of genetic immunization to elicit cross-protection was demonstrated by the survival of immunized mice challenged with pneumococcal strains differing in capsule and PspA types. Also, immunized mice were protected from intravenous and intratracheal challenges with pneumococci. Similar to the results seen with immunization with PspA, the survival of mice genetically immunized with pspA was antibody mediated. There was no decline in the level of protection 7 months after immunization. These results support the use of genetic immunization to elicit protective immune responses against extracellular pathogens.
Much attention is being focused on the promising new technology of DNA vaccination or genetic immunization. Genetic immunization offers advantages over immunization with purified protein. DNA vaccines are capable of eliciting both humoral and cell-mediated immune responses (38) . Plasmid DNA containing unmethylated CpG motifs and used in immunizations has been found to modulate immune responses (21, 33) . The presence of these motifs induces cytokine production and a generalized activation of antigen-presenting cells, giving the DNA an adjuvant effect (2, 41, 42) . The cytokine profile induced leads to a predominantly T-helper (Th) 1 (Th-1) response that reduces the likelihood of allergic responses that may occur when proteins are used (21, 31) . Another advantage is the significantly lower cost of production, since DNA is more easily produced and purified than proteins. Considering that the greatest morbidity and mortality from pneumococcal diseases are seen in the populations of developing countries, such factors are extremely important. DNA vaccines are more heat stable than protein vaccines, a fact which increases the efficacy of their use in developing countries, where storage and transportation capabilities may be lacking. The economic and physical characteristics of DNA vaccines make them good candidates for global vaccination programs.
As the prevalence of multidrug-resistant pneumococcal strains increases, the development of an effective vaccine becomes the primary focus in preventing pneumococcal diseases.
Although the capsular polysaccharide (PS) of the pneumococcus is considered the major antigenic determinant conferring immunity following infection (22) , the current 23-valent PS vaccine has had little impact on global morbidity and mortality (9, 12, 15, 34) . More importantly, PS is poorly immunogenic in the most important risk group, children under 3 years old (13, 17, 18, 32) . Therefore, efforts in developing a pneumococcal vaccine capable of eliciting a T-cell-dependent immune response have become a priority. The pneumococcal conjugate vaccine recently approved for human use overcomes the T-cellindependent nature of PS antigens, thereby making them more immunogenic in children (16, 30, 35) . Although this strategy is an effective one, conjugate vaccines have negative aspects of their own. In addition to their high cost, which reduces their availability, conjugate vaccines are further limited in the number of different PSs which can be incorporated, a problem which reduces the potential range of protection. These concerns have led researchers to look for pneumococcal proteins capable of eliciting protective immunity.
Previous studies have established pneumococcal surface protein A (PspA) as a virulence factor found on all pneumococcal isolates (8, 28) . PspA consists of four major domains (25) . The N-terminal half of the molecule comprises an ␣-helical domain. Following the ␣ helix are two highly conserved domains: the proline-rich domain and the choline binding domain. Seventeen amino acids on the C-terminal end form the cytoplasmic tail. Based on immunization studies with fulllength and truncated fragments of PspA, the ␣-helical domain was determined to contain protection-eliciting epitopes (8, 26, 27) . Therefore, this domain was of particular interest in our study. Immunization studies using purified PspA have also demonstrated the ability of PspA to elicit protective immune responses that are cross-reactive among pneumococci with different capsule and PspA types (5, 25, 27) . These characteristics offer the possibility of inducing broad protection by immunizing with one or just a few PspA types (7) .
It was previously demonstrated that genetic immunization with full-length pspA was able to elicit protection against pneumococcal challenge (24) . However, the level of protection was below that obtained with immunization with purified PspA, and there was an apparent lack of correlation between antibodies against PspA and protection. In this study, we examined the possibility that a fragment of pspA, when used for genetic immunization, is able to elicit protection similar to that seen with immunization with purified PspA. Our results demonstrate that genetic immunization can elicit effective protection against an extracellular bacterial pathogen. Moreover, our model system should be useful in optimizing the expression of bacterial genes for genetic immunization.
MATERIALS AND METHODS
Plasmid construction and preparation. The plasmid used in this study was constructed by the ligation of a KpnI/XbaI-digested pNGVL3 expression vector (National Gene Vector Laboratory, Ann Arbor, Mich.) and a KpnI/XbaI-digested PCR-amplified fragment from the region encoding the ␣-helical domain of Streptococcus pneumoniae PspA/Rx1. The pNGVL3 vector is driven by a cytomegalovirus immediate-early enhancer and a promoter upstream of a multiple cloning site. Downstream of the multiple cloning site is a rabbit betaglobulin poly(A) signal for proper expression in eukaryotic cells. The region encoding the ␣-helical domain of PspA was amplified as previously described (26) from S. pneumoniae Rx1 genomic DNA using the following primers: LSM180 (upstream primer), 5Ј GGGCGGTACCATTATGGCCAGTCAGTCT AAGCT 3Ј, and LSM181 (downstream primer), 5Ј GGCTCTACCCCTAAGC TCTTAAGGTCAGC 3Ј. The upstream primer contains a KpnI site and a translational start site. The downstream primer contains an XbaI site and a stop codon. Vector and insert DNAs were gel purified, ligated, and transformed into Escherichia coli DH5␣. The derived construct was designated pJB100 and was sequenced to confirm the insert. Plasmid DNA was prepared using an EndoFree Plasmid Giga kit (Qiagen, Santa Clarita, Calif.) and stored at Ϫ20°C until used. Plasmid DNA was diluted in lactated Ringer's (LR) solution for immunizations.
In vitro expression. Expression studies were carried out using HeLa cells. The HeLa cells were transfected with two constructs: pJB10, which contains the Rx1 PspA ␣-helix-encoding insert in pcDNA3.1 (Invitrogen, Valencia, Calif.), and pJB100, which contains the same insert in a pNGVL3 vector. Cells that received no DNA served as a negative control. In preparation for transfection, HeLa cells were grown in Dulbecco modified Eagle medium with 6% fetal bovine serum to approximately 40% confluence in a 25-cm 2 flask. The HeLa cells were then transfected using 10 g of plasmid DNA complexed with 60 l of Superfect transfection reagent (Qiagen). Cells were incubated with the transfection complex for 2 to 3 h at 37°C. Cells were washed twice with phosphate-buffered saline, and medium was added. After 48 h of growth, cells were removed from the flask by treatment with 1 ml of 0.25% trypsin-0.1% EDTA and counted. Cells were then suspended in sodium dodecyl sulfate loading buffer with 100 g of phenylmethylsulfonyl fluoride/ml, and the suspension was placed in a boiling water bath for 5 min. Immunoblot analysis with anti-PspA monoclonal antibody XiR278 was performed as previously described (27) .
Immunization studies. Immunization studies were carried out using CBA/N (CBA/CAHN-BTK XID/J) mice (Jackson Laboratory, Bar Harbor, Maine). Mice received intramuscular injections of plasmids on days 0, 14, and 28. The immunizations consisted of plasmids diluted in a 50-l delivery volume of LR solution and were given as lingual injections (24) . Mice were challenged 1 week after the final boost (day 35), with the exception of the mice in the long-term protection group, which were challenged 7 months after the final boost. Mice were challenged by intravenous (i.v.) injections of 0.2 ml of a pneumococcal strain diluted in LR solution. Additional mice were challenged by intratracheal (i.t.) inoculation with 20 l of pneumococcal strain A66 diluted in LR solution. All mice were observed for greater than 21 days postchallenge.
Anti-PspA antibody assays. Serum antibody titers were determined by enzyme-linked immunosorbent assays (ELISAs). Mice were bled on days 0, 14, 28, and 35 for the collection of serum. Plates were coated with 0.3 g of pneumococcal strain D39 PspA/ml and blocked with 1% bovine serum albumin in phosphate-buffered saline. After the plates were washed, serum samples were added and serially diluted. The plates were incubated overnight at 4°C and washed before the addition of a biotinylated goat anti-mouse immunoglobulinspecific antibody (Southern Biotechnology Associates, Birmingham, Ala.). Following incubation and washing, streptavidin-alkaline phosphatase was added to each well, and the plates were allowed to incubate for 1 h at 37°C. After a final wash, 1 mg of p-nitrophenyl phosphate disodium (Sigma, St. Louis, Mo.)/ml was added. Plates were examined at 405 nm, and antibody concentrations were calculated based on a standard curve generated using an anti-PspA antiserum of known concentration. Isotype determination of the anti-PspA antiserum was performed in the same manner using biotinylated goat anti-immunoglobulin G1 (IgG1) or biotinylated goat anti-IgG2a as the secondary antibody. Samples were diluted 1:3, and the results of the isotype-specific assays were expressed as the highest dilution giving a reading greater than 0.1 unit of optical density above the background.
Passive protection assays. Passive protection assays were performed as previously described (40) . Briefly, naive CBA/N mice received 0.2-ml intraperitoneal injections of pooled serum collected from mice immunized with 10 g of pJB100 or PspA. The immune serum from protein-immunized mice was diluted to a concentration equivalent to that of the pJB100 immune serum (8 g of antigenspecific antibody/ml). Mice were given a 1:2, 1:20, or 1:200 dilution of serum in LR solution. Another group of mice received injections of LR solution to serve as an additional control. One hour after receiving the immune serum, mice were challenged with i.v. injections of 500 CFU of pneumococcal strain WU2.
Statistics. The results were analyzed statistically by the two-tailed Fisher exact test. (Fig. 1) . Cell lysates containing equivalent numbers of transfected cells were used in immunoblot assays to detect the presence of PspA/Rx1 and to determine the relative levels of expression for pJB10 and pJB100. Cells transfected with pJB100 expressed a protein with an apparent molecular mass of 43 kDa. However, in cells transfected with pJB10, this protein was detected as a faint band visible only in the original blot. Based on the reactivity of XiR278 in the Western blotting, levels of expression were higher with pJB100 than with pJB10. Therefore, pJB100 was chosen for further evaluation in the immunization studies.
Immunization with pJB100. Two groups of mice, each receiving 50 g of plasmid DNA, were immunized in the initial experiment (Fig. 2) . One group of mice received pNGVL3, the vector without any pspA insert, as a control. A second group of mice received pJB100. Following immunization, the mice were challenged i.v. with approximately 800 CFU of pneumococcal strain WU2. This dose is greater than 50 times the 50% lethal dose (LD 50 ) for WU2 (6) . Mice were observed for greater than 21 days postchallenge. All of the mice that received pJB100 survived the challenge. The mean number of days to death in the control group was 2 days. Dose dependence. To determine the optimum immunization dose, groups of mice were immunized with different doses of pJB100. Groups receiving doses of 50, 30, 10, 5, and 2 g of pJB100 were evaluated for anti-PspA antibody responses (Fig.  3) and for protection against a fatal challenge (Fig. 4 ). An additional group receiving pNGVL3 served as the control. Serum samples collected on day 28 were analyzed by ELISA to determine the antibody responses. To determine the levels of protection provided at the different doses, mice were challenged i.v. with approximately 80 CFU of WU2 on day 35. Doses of 50, 30, and 10 g provided 100% protection. The level of protection was reduced in the group receiving 5 g, and protection was completely absent in the group receiving 2 g. Since the 10-g dose was the minimal dose that provided complete protection, it was chosen as the minimal dose for all subsequent immunization studies. The reduced levels of protection correlated with what would be expected of dose-dependent responses.
Anti-PspA antibody responses. Antibody responses to pneumococcal surface antigens have been generally regarded as the primary mechanism of protection against pneumococcal infection. To evaluate the humoral responses to pJB100, serum anti-PspA antibody concentrations were measured by ELISA. Serum was collected on days 0, 14, 28, and 35 (Fig. 5) . AntiPspA antibody concentrations rose quickly in the group immunized with 50 g of pJB100 and reached a plateau at day 28. The rate of responses to the 10-g dose was reduced, and the antibody levels at day 35 were significantly lower than those in the group receiving the 50-g dose. Anti-PspA antibodies were not detected in control mice receiving pNGVL3.
IgG isotype specificity for determination of Th subtype. We used the IgG isotype of the anti-PspA antibodies as a surrogate marker to determine the Th subtype. Previous studies have shown that DNA vaccines given as intramuscular injections generate predominantly Th-1 responses (11, 21, 23, 37) . Since Th-2 responses are generally accepted as the Th responses involved in protection during a natural infection (10, 40) , it was important to evaluate the Th subtype following immunization with pJB100. The predominant Th subtype was determined by the ratio of IgG1 to IgG2a. Immunization results are given in Table 1 .
Antigen-specific IgG1 antibody served as a Th-2 marker, and antigen-specific IgG2a served as a Th-1 marker (1, 29, 36 ). An IgG1/IgG2a ratio of Ͼ1 denotes a Th-2 response, and a ratio of Ͻ1 suggests a Th-1 response. Mice immunized with protein or infected with D39 both responded in a Th-2 manner. This result was expected, since the route of administration would lead to antigen processing in the major histocompatibility complex class II pathway that leads to a Th-2 response. Mice Cross-protection. The ability of Rx1 PspA to elicit crossprotection in protein immunization studies is well documented (7, 8, (25) (26) (27) . However, it is important to determine if this holds true for genetic immunization with Rx1 pspA. To evaluate the ability of pJB100 to elicit cross-protection, mice were immunized with 10 g of plasmid as described above and challenged with different pneumococcal strains ( Table 2 ). The pneumococcal strains chosen represent three different capsule types and two different PspA clades (5) . In each case, survival of immunized mice was observed.
Protection against i.t. challenge. Since the pneumococcus is primarily a respiratory pathogen, we examined the ability of pJB100 to protect against challenge via the respiratory tract. Mice were immunized with 10 g of plasmid on the same immunization schedule as that used in the other experiments. On day 35, mice were challenged i.t. with approximately 80 CFU of A66. The LD 50 for A66 by this route was determined to be less than 20 CFU (data not shown). All mice in the immunized group survived challenge by this route of infection (Fig. 6) .
Passive immunization assays. Protection against pneumococcal infection is considered antibody mediated. Therefore, we evaluated the ability of immune serum generated in pJB100-immunized mice to provide protection in naive mice. As a positive control, we used immune serum from PspA/Rx1 immunized mice ( Table 3 ). Mice that received pooled pJB100 immune serum at a dilution of at least 1:20 were protected. Therefore, as little as 0.08 g of anti-PspA antibody per mouse was sufficient for protection.
Long-term protection. Providing protection over a significant portion of an immunized individual's life span is a major goal in vaccine development. Here we assess the ability of pJB100 to elicit protection over an extended period of time. CBA/N mice were immunized with 10 g of pJB100 or control (pNGVL3) on the same immunization schedule as that used in the other experiments. Serum was collected on days 0, 14, 28, and 35 and at 11 weeks. Data for days 0 to 35 were used in Fig.  5 for the control group and the 10-g group. Anti-PspA antibody levels not only persisted but actually increased between day 35 and week 11 in the immunized group (Fig. 5) ; the antibody concentrations rose from 2.850 Ϯ 0.908 g/ml (mean Ϯ standard error of the mean) on day 35 to 7.72 Ϯ 1.74 g/ml at week 11 (the level of antibodies in the control group was Ͻ0.005 g/ml). The mice were challenged with WU2 7 months after the initial immunization. All 10 mice receiving pJB100 survived the challenge, demonstrating the ability of pJB100 to elicit persistent antibody responses and long-term protection; only 1 of 9 mice in the control group survived. The difference in survival between the immunized and control mice was statistically significant (P Յ 0.0001). 
DISCUSSION
The pneumococcus is an important antibiotic-resistant pathogen. The mortality rate for invasive pneumococcal infections remains at 15 to 20% (3, 14) . With increasing reports of multiply-resistant pneumococcal isolates (4, 19, 20) , the mortality rate is likely to rise in the future. There is an urgent need for the development of cost-effective pneumococcal vaccines.
The survival of immunized mice after challenge established the effectiveness of pJB100. The overall survival rates for mice receiving pJB100 were greater than 99%. Protection was confirmed by a greater than 3-log increase in the LD 50 for the immunized mice (data not shown). The results presented in this study demonstrate three major characteristics of the effectiveness of pJB100. First, pJB100 elicited cross-protective immunity similar to that seen with immunization with PspA. However, DNA vaccines offer the ability to express different PspA molecules from a single construct. This factor could potentially broaden the range of protection to cover all known clinical isolates. It also makes the standardization and production of a multivalent DNA vaccine much easier than those of a multivalent protein vaccine. A second demonstrated characteristic was the ability of pJB100 to protect against both systemic and respiratory challenges. This finding is significant because systemic and lower respiratory tract infections are the most devastating forms of pneumococcal disease. Last, the ability of pJB100 to provide long-term protection was shown. Long-lasting immunity is the ultimate goal in the development of any vaccine.
Since protection against pneumococcal infections is considered to be primarily antibody mediated, it was important to evaluate the humoral responses to immunization with pJB100. Immunization with pJB100 proved capable of eliciting a significant anti-PspA immune response. Dose experiments revealed a correlation between anti-PspA antibody concentration and protection. This correlation was not seen in earlier genetic immunization studies with full-length pspA. Therefore, it was important to establish the relationship between antibodies and protection in order to evaluate immune responses to pJB100. The passive immunization experiments illustrated the functionality of anti-PspA antibodies and their relationship to protection. The survival of mice receiving pJB100 immune serum demonstrated the direct correlation between anti-PspA antibodies and protection. In addition, the passive immunization experiments demonstrated that genetic immunization with a Naive CBA/N mice received intraperitoneal injections of pooled immune serum from mice immunized with pJB100 or PspA. Mice were challenged i.v. with pneumococcal strain WU2 1 h after receiving the pooled serum. The PspA immune serum was diluted to a concentration equivalent to that of the pJB100 immune serum (8 g of antigen-specific antibody/ml) prior to preparation of serial dilutions for passive immunization. pJB100 yields an antibody response that is qualitatively equivalent to that seen with immunization with protein. A comparison of IgG isotype profiles among genetically immunized, protein-immunized, and infected mice served as an indicator of relative Th function. The data confirm other reports that the Th-1 responses elicited by DNA vaccines are dependent on the quantities of DNA administered (21, 31, 37) . Since protection is seen with both Th-1 and Th-2 IgG isotypes, no conclusions can be made about the importance of Th subtype in this situation. However, these observations are important for evaluating future experiments designed to modulate immune responses.
The development of a pneumococcal DNA vaccine not only offers the promise of a potential human vaccine but also offers insight into the efficacy of DNA vaccines for use against extracellular pathogens. Because of the ability of DNA vaccines to elicit cell-mediated immunity, much of the work done on DNA vaccines has focused on intracellular pathogens, with less attention being given to extracellular pathogens. Genetic immunization is thought to elicit immune responses that closely resemble those seen with natural infections with intracellular pathogens (37, 39) . Despite the fact that antigen is expressed intracellularly, pJB100 elicited an effective humoral response. The mechanism by which this occurs has not been fully elucidated. Investigations into Th responses and costimulatory requirements could lead to the development of more effective vaccines. The key to examining these elements lies in the use of an established model system, such as the pneumococcal challenge model in mice. This model system allows the effective characterization of DNA vaccines against extracellular pathogens. Now that we have incorporated genetic immunization into the pneumococcal challenge model, we can effectively explore variables involved in immune responses to DNA vaccines.
